This study seeks to evaluate the effect of intermediate annealing on the microstructure, texture, and formability of Nb-stabilized ferritic stainless steel. Two routes -direct cold rolling and cold rolling with an intermediate annealing were performed. The total reduction was 80%, 3-0.6 mm and 3-1.2-0.6 mm. The characterization of the samples was conducted using X-ray diffraction, electron backscatter diffraction, and tensile tests to evaluate the formability by the average normal anisotropy coefficient, r ̅ value. The results showed that intermediate annealing promoted the strongest γ-fiber with peak at {111}〈112〉 and weak α-fiber after cold rolling. After the final annealing, it was observed that intermediate annealing reduces the banded microstructure and θ-fiber, and improves the γ-fiber uniformity and the r ̅ value. It is worth noting that the γ-fiber fraction was the same for direct reduction. The increase in r ̅ value was related to the reduction in θ-fiber and the uniformity of texture recrystallization.
Introduction
The combination of corrosion resistance and mechanical proprieties allows for diverse applications of ferritic stainless steels (FSS). Other features displayed by FSS are high thermal conductivity, superficial quality, and low cost due to the absence of nickel 1, 2 . These alloys are used in automotive exhaust systems, sinks, home appliances, elevator panels, and heaters [3] [4] [5] . The thermomechanical processes affect the formation of the microstructure, crystallographic texture, and proprieties of steels. The FSS are produced by continuous casting, hot rolling, annealing of hot rolling coils, cold rolling, and recrystallization annealing 6 . An intermediate annealing in cold rolling was used to improve the recrystallization texture, increase the {111} plans parallel to the sheet plane (γ-fiber), and reduced the roping defects [7] [8] [9] . For some applications, it is desirable that FSS show a high average normal anisotropy coefficient (r ̅ value), which is related to the γ-fiber recrystallization texture. Huh and Engler 7 cited that an improvement in formability can be obtained by controlling the crystallographic texture. Control methods for the improvement of the γ-fiber recrystallization texture have been attempted by some approaches, such as refinement of the hot rolled microstructure, annealing of the hot rolled bands, optimization of cold rolling, intermediate annealing in cold rolling, and reduction of carbon in a solid solution [10] [11] [12] .
The present work aimed to investigate the effect of intermediate annealing on the microstructure, texture, and formability of a niobium stabilized ferritic stainless steel.
Materials and Methods
The steel studied in the present work was an Nb-stabilized ferritic stainless steel. The chemical composition under investigation was 0.021 %C, 0.024 %N, 16.0 %Cr, 0.35 %Nb, 0.30 %Si, 0.22 %Ni, and 0.20 %Mn. The chemical composition was provided by the Aperam South America. The samples were cut off after hot rolling and annealing in an industrial plant.
Cold rolling was performed by two routes: (i) direct reduction and (ii) reduction with intermediate annealing.
In the first route, the samples were cold rolled from 3 to 0.6 mm, producing an 80% reduction. In the second route, the samples were cold rolled from 3 to 1.2 mm, annealed at 880°C for 24 s, cold rolled from 1.2 mm to 0.6 mm, producing a 50% final reduction. The final annealing was performed at 880°C, with 24 s of soaking time for both routes.
The samples were characterized by X-ray diffraction (XRD) and electron backscatter diffraction (EBSD). The deformation textures were evaluated by XRD near the surface and in the central region. These were determined from the incomplete pole figures of (110), (200), and (211), using a Philips X'Pert PRO MPD texture diffractometer. The The recrystallization texture was determined by the EBSD in the longitudinal section thought thickness. The EBSD scans were performed in Philips XL-30 (LaB6 filament), equipped with a TSL EBSD system, with a step size ranging from 4 to 10 µm. The data obtained from EBSD were processed using the TSL-EDAX analysis software.
Tensile tests were performed to determine the average normal anisotropy coefficient (r ̅ value) and the planar coefficient of anisotropy (∆r) in samples after the final annealing. The samples with a gauge length of 50 mm and width of 20 mm were cut-off at angles of 0°, 45°, and 90° to the rolling direction (RD). Figure 1 displays the microstructure and micro-texture through-thickness of the annealed hot rolled sample, where ND is the normal direction and RD is the rolling direction. From Figure 1a , it can be noted that the grain size distribution was heterogeneous along the thickness, with fine grains found near the surface and coarse grains found in the central region. The average grain size near the surface and in the central region was 22.20±1.38 and 48.99±3.15 µm, respectively. The micro-texture also showed notable differences. The global texture showed in Fig. 1b displays the α-fiber (〈110〉//RD) that is more intense than the γ-fiber ({111}//ND). The peak occurred at {225}〈110〉, f(g) = 2.4. Among the shear components, the {110}〈001〉 Goss component showed f(g) = 1.6. Near the surface, indicated by the black rectangle, the predominant texture was {011}//ND, comprising the shear texture (Fig. 1c) . In the central region, the {112}//ND grains were more developed, while the {111}//ND showed weak intensity (Fig. 1d) .
Results

Starting material -hot rolled sample
Evolution of the texture and microstructure
for direct rolling Figure 2 shows the macro-texture obtained from XRD after an 80% reduction, first route. The analyses were performed close to the surface and in the center of the thickness. From Fig. 2a and 2b , it was observed that the γ and α-fibers were developed in both regions. In the central region, the α-fiber was strongest when reaching a peak of {001}〈110〉, f(g) = 13.8. Close to the surface, the γ-fiber was more homogenous than in the central region, the maximum occurred at {111}〈110〉 in both regions. Furthermore, the shear components were not observed in the two regions. Figure 3 displays the microstructure and texture after the final annealing. It can be noted from Fig. 3a that the microstructure and texture were heterogeneous along the thickness. The microstructure is formed by a cluster of fine grains adjacent to the coarse grains, forming a duplex microstructure. The average grain size was 13.34 ± 0.6 µm. It was observed that the {111}//ND grains were predominant, and some regions show various grains with the random orientations, as indicated by the yellow arrows. From Fig.  3b , it was observed that the γ-fiber was heterogeneous when reaching a peak at the {111}〈121〉 components, f(g) = 6.1. Moreover, the {554}〈225〉 components were also developed. Figure 4 shows the macro-texture obtained from XRD for the route with intermediate annealing. The macro-texture developed after a 60% reduction (3-1.2mm) is shown in Fig.  4a (surface) and 4b (center). It can be observed that the α-fiber was strongest in the center region, reaching a maximum f(g) = 9.13 at {335}〈110〉. The peak in the γ-fiber occurred at {111}〈110〉, f(g) = 5.8. The notable difference between the surface and the center occurred in the intensity of the α-fiber. The cold rolling texture after a 60% reduction developed a less pronounced texture than did that obtained in the direct reduction (80% reduction) (Fig. 2) . In addition, the increase of deformation intensified the {111}〈110〉 component. The microstructure and texture development after the first annealing are shown in Figure 5 . It can be noted that the microstructure is fully recrystallized, and the average grain size was 18.68 ± 1.1 µm (Fig. 5a ). The area near the surface presented fine grains, while in the center region, the grains were slightly coarse. The resulting recrystallization texture is shown in Fig. 5b . It can be noticed that the γ-fiber was non-uniform when reaching a maximum at {111}〈112〉, f(g) = 2.9. However, the {554}〈225〉 and {110}〈001〉 Goss components were also developed. Figure 6 shows the macro-texture from XRD after the second cold rolling, from 1.2 to 0.6 mm, from near the surface and in the center regions. The development of strong γ-fiber in these regions is presented in Fig. 6a and 6b . The main component developed was {111}〈112〉, with a peak near the surface, f(g) = 9.45. In addition, the shifted components showed high intensity, as can be seen at {334}〈483〉. The α-fiber proved to be weak, with a maximum occurring at {334}〈110〉, f(g) = 5.6. Furthermore, some θ-fiber components developed in both regions. . Macro-texture after 50% cold rolling: a) near the surface after the second reduction; b) center after the second reduction; ϕ 2 =45° ODF section. Figure 7 displays the microstructure and texture after the second annealing. It was noted that the microstructure was formed by recrystallized grains with an average grain size of 15.66±1.25 µm. The grain size distribution presented a highly homogenous through-thickness (Fig. 7a) ; differently from the result obtained to reduction direct (Fig.3) . The predominant texture was the γ-fiber, reaching a peak at {111}〈121〉, f(g) = 4.4 (Fig.7b) . It was observed that the developed γ-fiber was more uniform than in direct reduction route after annealing (Fig.3b) . 
Evolution of the texture and microstructure for cold rolling with intermediate annealing
Formability, texture, gradient texture and banding factor
The γ and θ-fiber fraction, uniformity and banding factor, normal anisotropy (r ̅ value) and planar anisotropy coefficient (∆r) are presented in Table 1 . The texture gradient can be expressed by the uniformity factor (UF) obtained from EBSD data. The value of UF = 0 describes a perfectly homogeneous distribution, while a UF = 1 describes a heterogeneous distribution. Similarly, the banding factor (BF) describes the banding, where BF = 0 denotes no banding and BF = 0.5 describes a strong banded microstructure. It was observed that intermediate annealing improves the r ̅ value, but does not enhance the γ-fiber fraction. This route was favorable to reduce the θ-fiber fraction from 0.11 to 0.08 and the banding factor, as well as to obtain a more homogenous distribution along the texture's thickness.
Discussion
The annealed hot-rolled sample showed the typical microstructure and texture of ferritic stainless steel (Fig.1) . The microstructure and texture of the annealed hot-rolled sample presented remarkably different through-thickness. Close to the surface, the fine grains and shear texture, mainly the {110}〈001〉 Goss, were observed in Fig. 1 . The development of the {110}〈001〉 Goss is attributed to the shear deformation on the surface
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. However, the center region was formed by coarse grains and α-fiber, reaching a peak at {225}〈110〉. According to Raabe and Lücke 15 , the thermal and stress profile during hot rolling produced differences between the surface and the center. Near the surface, the temperature was reduced due to the water sprayed during hot rolling, and shear deformation is predominant. On the other hand, in the center region, the temperature remains high and the deformation occurs by plain strain. Thus, the microstructure and texture heterogeneity occurred due to the steel production's thermomechanical process.
It was observed that the deformation texture after 80% cold rolling presented differences for both routes. The texture developed during cold rolling is directly related to the texture presented in the steel before deformation. In direct reduction, the prior material was the annealed hot-rolled sample (Fig.1) . After cold rolling, it was noted that the α-fiber was very intense, reaching a peak at {001}〈011〉, while the γ-fiber was weak, reaching a maximum at {111}〈110〉 (Fig 2) . In addition, it was observed that the center region showed a more intense texture than did the region near the surface. The weak intensity close to the surface occurred due to the initial shear texture (Fig.1) . However, the strongest α-fiber in the center region was developed from the deformation and its already identified presence in the annealed hot-rolled sample. Similar results were reported in the literature for ferritic stainless steel 7, 14, 15 . For the intermediate annealing route, the previous material was the intermediate sample (Fig. 5) . After cold rolling, the γ-fiber was more developed than the α-fiber (Fig. 6) , reaching a peak at {111}〈112〉. According to Inagaki 16 , the formation of the γ-fiber can occur by rotation along the following path: {110}<001>-{554}<225>-{111}<112>-{ 111}<110>-{223}<110>. Thus, the presence of the {110}<001> and {554}<225> components after the first annealing, as shown in Fig. 5 , contributed to the increase in γ-fiber after the second cold rolling.
To evaluate the effect of cold rolling on the deformation texture, the results obtained for 80% and 60% were compared ( Fig. 2 and Fig. 4) , respectively. The texture developed for both reductions was very similar, with differences in intensity. From the deformation texture, it was observed that the increase in deformation from 60% to 80% intensified the α-fiber and the γ-fiber, mainly the {001}〈110〉 and {111}〈110〉 components. For 60% of the deformation, the maximum intensity occurred at {335}〈110〉, f(g) = 9.13, while for 80% the peak occurred at {001}〈110〉, f(g) = 13.8. Thus, it was clear that a pronounced formation of the {001}〈110〉 component occurred with an increased reduction, given that the component showed a weak intensity in the annealed hot-rolled sample (Fig. 1) . According to Ray et al. 17 , the increase of the {001}〈110〉 component with deformation occurs due to the stability of its orientation in extra-low carbon Nb and Ti stabilized steels. In case of the γ-fiber component, Hutchinson 18 reported that the increase in strain during cold rolling continuously enhances the {111}〈110〉 component for a low carbon steel. These findings agree with the similar results observed by Huh and Engler
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, who showed that after the increase in reduction from 60% to 80%, the enhanced {001}〈110〉 and {111}〈110〉 components appeared in a 17% Cr ferritic stainless steel.
The influence of cold rolling on the recrystalization texture can be observed in Fig. 3 and Fig. 5 . The increase in γ-fiber intensity was observed, primarily in the {111}〈112〉 component, with strain enhancement (60% to 80%). Prior literature reports that the {111}〈112〉 components nucleate within {111}〈110〉 and {112}〈110〉 deformed grains 10 . Therefore, the highest intensity after 80% of the cold-rolled sample (Fig. 2) favored the formation of the {111}〈112〉 components after annealing. According to Gao et al. 19 , the weak texture after cold rolling is unfavorable for the intensification of the recrystallization texture. Thus, it could be concluded that the stronger texture after 80% of reduction improved the γ-fiber intensity. In the case of 60% in cold rolling, the {110}〈001〉 Goss component was also developed, as shown in Fig. 5 . Raabe and Lücke
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reported an increase in the {110}〈001〉 Goss fraction of up to 70% in cold rolling; above this reduction, the fraction drastically reduces. The {110}〈001〉 Goss grains nucleate in the early stage of recrystallization within the shear band in {111}〈112〉 deformed grains 15, 20 . From the deformation texture ( Fig. 2 and Fig. 4) , it was observed that the {111} 〈112〉 components presented an intensity that was similar to the increase in deformation. This indicates that the increase in {110}〈001〉 Goss fraction is closely related to the nucleation rate during recrystallization. The nucleation rate increased when the percentage of cold-rolled was enhanced due to the amount of energy stored during deformation 21, 22 . Thus, for the lower reduction and nucleation rate, the {110}〈001〉 Goss nuclei have a chance of growing at the expense of deformed grains.
The recrystallization texture development after the final annealing was remarkably affected (Fig. 3 and Fig. 7) . The formation of the recrystallization texture depends on the initial deformation texture 15 . As mentioned above, {111} 〈112〉 recrystallized grains nucleate in {111}〈110〉 recovery grains or vice-versa 10 . In the present study, it was observed that the {111}〈110〉 component was more intense after direct rolling than with an intermediate annealing for 80% cold rolling (Fig. 2 and Fig.6 ), respectively. Thus, the {111}〈110〉 orientation present in the rolling texture favored a more pronounced development of the {111}〈112〉 component after final annealing, as shown in Fig. 3 . On the other hand, the strong γ-fiber after cold rolling (Fig.6 ) led to the development of a more uniform γ-fiber after the sample's final annealing in an intermediate annealing route. Furthermore, the fine grains in the intermediate annealing sample (Fig. 5 ) favored the development of the γ-fiber. Prior literature reports that γ-fiber fraction tend to be enhanced with the reduction in grain size of hot rolled sample
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. Yah et al. 8 reported that intermediate annealing enhances the intensity and improves the uniformity of the γ-fiber in Nb-Ti stabilized ferritic stainless steel containing 11% Cr 8 . By contrast, in a study conducted by Huh and Angler
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, the texture obtained by the route with intermediate annealing showed the γ-fiber and α-fiber after final annealing. The γ-fiber was very non-uniform, and the maximum occurred close to {111}〈011〉.
Intermediate annealing reduced the banding factor and gradient texture, as demonstrated by the uniformity factor (Table 1) . These results indicate that intermediate annealing affects both nucleation and spatial distribution in the matrix. During recrystallization, nucleation occurs in regions with high stored energy [21] [22] [23] . In addition, the driving force for recrystallization depends on the stored energy, which is related to the crystallographic texture. Some authors 17, 24, 25 have reported that the γ-fiber grains are able to store more energy than α-fiber grains. Considering the results shown in Table 1 and the cold rolling texture obtained after an 80% reduction for both routes (Fig. 2 and Fig. 6) , respectively, the effect of the texture on recrystallization was noted. In the direct reduction, the α-fiber and γ-fiber comprised the texture, thus the nucleation begins preferably in γ-fiber grains due to the high energy stored. At the same time, the α-fiber grains are undergoing a recovery process. This condition (α-fiber and γ-fiber) produces a highly heterogeneous nucleation in the microstructure. On the other hand, for the intermediate annealing route, the γ-fiber was predominant, and thus the nucleation was more homogenous in the microstructure. According to Huh et al. 26 , the steel with a more banded microstructure, containing pronounced orientation colonies, tends to form surface defects, determined by ridging, while homogenous distribution is generally free from ridging.
The results showed that formability was improved when intermediate annealing was added. Yazawa et al. 11 reported that the r ̅ value is related to the γ-fiber in the recrystallization texture. Furthermore, the enhancement and uniformity of the γ-fiber is essential in order to improve the r ̅ value [10] [11] [12] .
From the results shown in Table 1 , a remarkable difference in the γ-fiber fraction among the two routes was not obtained. The main differences occurred in the γ-fiber uniformity and the θ-fiber fraction. Gao et al. 27 demonstrated that the uniform γ-fiber recrystallization texture was beneficial in the enhancement of the r ̅ value. Moreover, some authors 17, 28 have reported that θ-fiber is unfavorable when attempting to obtain a high r ̅ value. Hamada et al. 12 demonstrated that the r ̅ value for the {100}〈011〉 and {100}〈001〉 orientations are notably low in almost all directions. The reduction of the θ-fiber fraction, from the 0.11 to 0.08, obtained with the addition of intermediate annealing improves the r ̅ value, and the γ/θ ratio reached approximately 5.25. It should be mentioned that the γ/θ ratio is an important parameter used to compare the capacity of deep drawability.
Conclusions
This study investigated the influence of intermediate annealing on the microstructure, texture, and formability of Nb-stabilized ferritic stainless steel. The results led to the following conclusions: I Cold rolling by direct reduction led to the development of the α-fiber and the γ-fiber, with a gradient between the surface and the center region. The increase in deformation from 60% to 80% intensified the α-fiber and the {111}〈011〉 component. The texture gradient was generated from the texture gradients already present in the annealed hot-rolled sample. II The strong γ-fiber, with peak at {111}〈112〉, was developed after cold rolling for the intermediate annealing route. The surface and center showed a similar intensity along the fiber. The increase in the γ-fiber was attributed to the presence of {110}〈001〉 and {554}〈225〉 components before cold rolling. III The addition of intermediate annealing resulted in a more uniform γ-fiber, and reduced the texture gradient, factor banding, and θ-fiber fraction after the final annealing. These results were attributed to the strongest γ-fiber and weak texture gradient in a cold-rolled texture. IV The increase in r ̅ value was obtained by inserting intermediate annealing between the cold rolling steps. This finding was related to the development of a uniform γ-fiber and a reduced θ-fiber after the final annealing.
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